Key Points {#FPar1}
==========

The assumption of a causal association with a vaccine based on a temporal association is often incorrect as unrelated events will occur by chance irrespective of vaccination.When many studies are performed to answer the same question, the key to demonstrating causality is consistency of results from well-designed studies.Robust epidemiolocal methods should be in place to rapidly respond to scares because once confidence is lost in a vaccine it is hard to restore.Not all vaccine safety concerns can be anticipated based on biological plausibility

Introduction {#Sec1}
============

Vaccination is one of the most effective public health interventions successfully controlling many serious infectious diseases and saving millions of lives globally each year \[[@CR1]\]. However, as with any medical treatment or drug, vaccination can never be entirely risk free in terms of unwanted side effects. An important feature of vaccination is that unlike most therapeutic drugs, vaccines are given prophylactically to healthy individuals, often young children. When an event occurs shortly after vaccination in an otherwise healthy individual without an obvious cause, it is tempting to attribute its occurrence to the preceding vaccination. The assumption of a causal association with a vaccine from purely a temporal association is often incorrect as unrelated events will occur by chance irrespective of vaccination. It can be hard to disentangle these temporal associations when there is a strong perception that a temporal association is necessarily evidence of a causal association and the onset of the condition is insidious and its timing relies on patient or parental recall \[[@CR2]\]. Even if only based on a temporal sequence of events, it is important that such safety concerns are rapidly investigated with robust epidemiological studies to allow mitigation procedures to be put in place if an association is confirmed or, if unfounded, to have the necessary evidence to sustain public confidence in the vaccination programme without which coverage drops and disease control is lost.

In this article, which focusses on the evaluation of the relationship between vaccination and neurological diseases, the statistical approaches to causality assessment are first discussed and their relative merits evaluated, followed by an overview of a selection of vaccine safety studies involving neurological disease with differing conclusions; some of the included studies have shown a small elevated risk, others none, two lack evidence to draw any definitive conclusion and one provides robust evidence of causal association.

Epidemiological Statistical Methods {#Sec2}
===================================

To establish whether the signal seen is associated with the vaccine and to quantify the risk, a formal epidemiological study is usually needed. This requires a pre-specified protocol detailing the population under study, the period after vaccination for which an elevated risk is suspected, and the methods for case identification and statistical analysis. Most importantly, the ascertainment of the condition of interest must be unbiased with respect to vaccination history \[[@CR3]\]. The following statistical methods have been used most commonly to address vaccine safety questions and to control for the inherent biases in the population and data under study. Although these methods aim to address confounding, it can be difficult to fully control for this in an observational study. An assessment of the likelihood of residual confounding/bias and its potential extent is an important consideration when weighing up the strength of a study and drawing a conclusion with regard to causality.

Cohort {#Sec3}
------

In a cohort study, the risk of developing the condition is compared in the vaccinated and unvaccinated individuals in the study population. Cohort studies need to be very large to detect rare vaccine adverse events and this often makes them impractical for a prospective study. Retrospective cohort designs can use routinely collected data and cases identified by clinical coding but this study design may be disadvantaged by the need to collect a large number of confounding variables. Factors such as underlying illnesses, sociodemographic characteristics, and propensity to consult may differ between unvaccinated and vaccinated individuals and would therefore need to be adjusted for in the analysis as they can independently determine the likelihood of the adverse event under study.

The advantage is that an entire population is studied and relative and absolute incidence estimates can be reported. In addition, once the cohort is defined, several outcomes can be assessed within the same study design. When studying a vaccine that is given as part of a national schedule and high coverage is achieved, the small unvaccinated group may differ from the vaccinated group in ways that are difficult to capture and control for in an adjusted analyses. Additionally, care must be taken to ensure unvaccinated cases are indeed unvaccinated and the data are not missing. This can occur when regional vaccine datasets are used and the transfer and sharing of data are not comprehensive.

Cohort studies are feasible for vaccine safety studies when data from a whole country or region can be used. An example of this is in Denmark where Danish residents contribute to a large linked dataset consisting of demographic factors that are linked to health information including potential confounding variables \[[@CR4]\].

Self-Controlled Case Series {#Sec4}
---------------------------

The self-controlled case-series method (SCCS) was designed for rapid unbiased assessment in vaccine safety studies using available disease surveillance data that may not be amenable to cohort analysis. The method only requires information on the timing of cases during a defined observation period and their vaccination status \[[@CR5]\]. The cases act as their own controls as the incidence of the event in pre-defined risk periods following vaccination is compared to the incidence outside the risk period generating a relative incidence (RI) measure (Fig. [1](#Fig1){ref-type="fig"}). A significant advantage of the method is that confounding factors that do not vary over the observation period, such as co-morbidities or sociodemographic status, are automatically controlled for. Adjustment for time-varying confounders such as age is also possible by dividing up the observation period further into age categories. It has been demonstrated that the power of the SCCS method is nearly as good as a cohort study when uptake is high and risk intervals are short, and it is superior to that of a case-control study \[[@CR6]\].Fig. 1Self-controlled case-series method showing the contribution of one case. *d* days

The self-controlled case-series method has been used by Public Health England to address many pertinent vaccine safety concerns \[[@CR7]--[@CR10]\]. This design has been chosen both because of its simplicity and ability to control for individual level confounding and also because a national cohort of cases cannot be easily defined using the national hospital data as no national immunisation register is available. Unlike a cohort study, the SCCS method does not provide absolute risk estimates. However, if the number of doses given to the population from which the cases are derived is known and if ascertainment is complete, then absolute risks can be estimated and the cases attributable to vaccination estimated from the magnitude of the RI.

Case Control {#Sec5}
------------

A case-control study requires smaller numbers than a cohort study but the same confounding and bias can occur and it also has the added difficulty of selecting the correct controls for comparison. For vaccinations given in the short age range in the first and second year of life or during a short calendar period to target ages, close matching of the controls on date of birth is required. Prior vaccination status is then compared between cases and controls using the date of onset in cases as a reference date. To obtain enough power to assess the required risk, multiple controls per case are often needed and defining appropriate criteria for the selection of controls can be problematic. While it is important to ensure that controls are similar to cases on characteristics such as age and geographical location that can independently affect vaccination status, over matching is a risk if too many extraneous variables are included in the matching, resulting in loss of efficiency and potentially introducing bias. A case-control study does not provide absolute risk estimates, rather it measures the odds of vaccination in cases compared to controls. However, as with the SCCS method, if the number of doses given to the population from which the cases are derived is known and if ascertainment is complete, then absolute risks can be estimated and the cases attributable to vaccination estimated from the magnitude of the odds ratio.

The case-control design has been used where controls can be selected from the same population as cases and can be readily matched on the relevant variables. As a case-control approach is more efficient than the cohort approach, it is often used on large databases that could be used for a cohort analysis. Examples include the Vaccine Safety Datalink in the USA, which accesses complete patient records from Health Maintenance Organisations, or studies using hospital admission data bases linked to national immunisation registers such as the Australian Childhood Immunisation Register \[[@CR11]--[@CR13]\].

Case-Coverage Design {#Sec6}
--------------------

The case-coverage design has recently been used in vaccine safety studies \[[@CR14], [@CR15]\]. It is similar to the screening method, which until recently has been primarily used for vaccine effectiveness assessment \[[@CR16]\], although it is more limited in terms of adjustment for possible confounders than the SCCS method. Each case is matched to a population coverage estimate and this is then used to see if the number of cases vaccinated is greater than expected. The method uses logistic regression on the odds of vaccination with an offset for the log-odds of the matched population coverage, thus it is similar to a case-control study with thousands of controls per individual.

This design has been used by Public Health England to assess the risk between AS03 adjuvanted H1N1 pandemic vaccine Pandemrix™ and narcolepsy. Because Pandemrix™ was rolled out over a short period of time in the winter season of 2009/10 targeting children of different ages according to whether they had certain co-morbid conditions, it was necessary to have detailed information on dates of vaccination and dates of birth to estimate the population coverage for each narcolepsy case by age and time period. This was available from a representative subset of general practices in England, which also provided information on co-morbidities, the only other variable considered as a potential confounder \[[@CR14]\]. In the first study assessing the risk of narcolepsy in children \[[@CR14]\], both the SCCS method and the case-coverage design was used. The results from the SCCS method were found not to be clear as this method requires the incidence in a pre-specified risk period after vaccination relative to the baseline incidence to be compared. Because the duration of the risk period had not been defined at the time, the post-vaccination interval was found to be too short and resulted in the inclusion in the baseline period of four patients with symptoms more than 6 months after vaccination.

The choice of study design to answer a vaccine safety question will depend on the hypothesis to be tested, the available data sources and the extent to which confounding variables are likely to bias the results. The SCCS method has now become the gold standard design in vaccine safety studies, owing to the benefits highlighted above, but for each study question the methods should be adapted and potential biases considered in the context of the population under study, the dataset being utilised and the hypothesis being tested. It will inevitably be a trade-off between the ideal and the practical and the best designs will vary according to setting. When many studies are performed to answer the same question, the key to demonstrating causality is consistency in the results from well-designed studies \[[@CR17]\].

Neurological Disease and Vaccines {#Sec7}
=================================

Neurological conditions have a long history of causal associations with vaccination being inferred from temporally related onsets. An example is the damage that was made to the UK whole-cell pertussis vaccination programme in the late 1970s when neurological damage was wrongly attributed to the vaccine based on case reports of infants with onset of encephalopathy shortly after vaccination. These reports of permanent brain damage following vaccination attracted intense and sustained professional and media interest causing vaccination rates to fall from 79% in 1973 to 31% in 1978. Following this, three national epidemics of pertussis occurred with an estimated 5000 hospital admissions, 200 cases of pneumonia, 83 cases of convulsions and 38 deaths \[[@CR18], [@CR19]\]. Neurological vaccine safety concerns can be broadly assigned to either being biologically plausible or unsubstantiated and unexpected. The biologically plausible group are often a direct effect from a component of the vaccine. For example, in the case of a live attenuated vaccine, the adverse reaction could mimic, at a lower frequency, what the non-attenuated wild virus would do. This is demonstrated in the rare risk of acute flaccid paralysis following the oral polio vaccine after a reversion to virulence or with the risk of aseptic meningitis after the attenuated Urabe mumps strain in the measles-mumps-rubella vaccine due to retention of some neurovirulent characteristics \[[@CR20], [@CR21]\]. The unsubstantiated and unexpected group occurs usually because of the timing of the vaccine, which coincides with the diagnosis of the condition and has no immediate biologically plausible explanation. Examples of this are measles-mumps-rubella and autism \[[@CR22]\], gait disturbance and measles-mumps-rubella \[[@CR23]\], and thiomersal and developmental delay \[[@CR24]\]. Although a signal may not have a clear biological basis for its causation, it still needs to be fully investigated using robust epidemiological methods.

Neurological diseases for which a causal association with vaccination has been suspected have some common features. First, they are often serious conditions that are rare, second, their aetiology and pathophysiology are poorly understood, and third, immune stimulation is thought to play a role in the pathogenesis of the condition. Because vaccines provoke an immune response, albeit targeted to a specific antigen, it can be tempting to invoke a superficially plausible causal pathway when adverse events with a suspected immune aetiology arise shortly after vaccination.

Multiple Sclerosis and Hepatitis B Vaccine {#Sec8}
------------------------------------------

Universal hepatitis B vaccine was recommended by the World Health Organization in the early 1990s to protect against the hepatitis B virus, which can cause chronic liver damage and cancer. Following this recommendation, France carried out a mass vaccine campaign in 1994. Shortly after, reports of cases of multiple sclerosis (MS) with onset or relapse after vaccination were reported, leading to the hypothesis that the vaccine could cause an acute autoimmune reaction in susceptible persons soon after administration. With a lack of adequate background rates of MS in the vaccinated population to put the reported cases into perspective, mistrust in the vaccine soon grew and the vaccine programme was subsequently suspended.

A systematic review and meta-analysis by Mouchet et al. published in 2018 that included 13 studies with a control group found no evidence of an increased risk. The overall adjusted risk ratios for MS was 1.19 (95% confidence interval \[CI\] 0.93--1.52) and for central demyelination was 1.25 (95% CI 0.97--1.62) \[[@CR25]\]. Within the systematic review, there was one study that found a significant association using a primary care database from England \[[@CR26]\]. This study was unable to adjust for all risk factors and additionally no routine hepatitis B vaccination programme was in place at the time with most of the vaccine delivered via occupational health departments whose records may not be routinely transferred to primary care databases.

France continues to have suboptimal vaccine coverage \[[@CR27], [@CR28]\] and has the lowest level of confidence in vaccine safety in Europe \[[@CR29], [@CR30]\]. This demonstrates the need to have robust methods in place to rapidly respond to such scares because once confidence is lost in a vaccine it is difficult to restore and may generate a more general lack of confidence in vaccine safety.

Guillain--Barré Syndrome and Vaccines {#Sec9}
-------------------------------------

Guillain--Barré syndrome (GBS) is the most common cause of acute neuromuscular paralysis in the developed world resulting in muscle weakness and sometimes paralysis, which can lead to respiratory failure and a death rate in up to 13% \[[@CR31]\]. The strongest evidence of a causal link with a vaccine was obtained during the 1976 US swine influenza vaccine programme in military personnel, which was found to be associated with a risk of one case per 100,000 and resulted in the suspension of the vaccine programme \[[@CR32]\]. Since then, GBS has been a potential vaccine-associated adverse event of interest particularly for vaccines given in adolescence, an age coinciding with the age at which autoimmune diseases are often diagnosed.

### Guillain--Barré Syndrome and Influenza Vaccine {#Sec10}

A meta-analysis in 2015 by Martin Arias et al. included 39 studies published between 1981 and 2014 and found that the receipt of any influenza vaccine carried a small increased risk of GBS of 1.41 (95% CI 1.20--1.66). The overall relative risk for GBS after seasonal vaccine was marginally increased at 1.22 (95% CI 1.01--1.48), with a somewhat larger relative risk of 1.84 (1.36--2.50) for the 2009 H1N1 pandemic vaccine but this was not significantly higher than the relative risk for seasonal vaccine \[[@CR33]\]. The authors did not find any statistically significant differences by geographical region nor between adjuvanted and unadjuvanted vaccines. An earlier meta-analysis of studies using the SCCS method also found a small elevated risk of GBS after the monovalent H1N1 pandemic vaccine, with an RI of 2.42 (95% CI 1.58--3.72) in the 42 days following vaccination \[[@CR34]\]. Similarly, Salmon et al. found an RI of 2.35 (95% CI 1.42--4.01) in a large study in the USA \[[@CR35]\].

In contrast, a strong association between GBS and a preceding influenza-like-illness was shown in a study in England using primary care data and the SCCS method. No association was seen with influenza vaccine in the 0--90 days after administration (RI 0.76 \[95% CI 0.41--1.40\]) but a significantly increased risk was found in the 90 days after influenza-like illness (RI 7.35 \[95% CI 4.36--12.38\]) \[[@CR36]\].

These studies show that a small overall risk of GBS after influenza vaccine probably does exist with a slightly larger risk after the 2009 monovalent pandemic vaccine. The mechanism may be multi-factored with the risk varying with the vaccine used, co-circulation of other infections and the inherent susceptibility to developing GBS. However, the small risk that exists does not outweigh the risk of developing GBS after influenza itself.

### Guillain-Barré Syndrome and Human Papilloma Virus Vaccine {#Sec11}

Human papilloma virus vaccine is given at an age when autoimmune disorders are often diagnosed. Following a French study reporting a signal for GBS after human papilloma virus vaccination, a study was conducted in England identifying GBS cases in a national hospital discharge database (Hospital  Episode Statistics) \[[@CR37]\]. Primary care practitioners were then contacted for the vaccination history and asked to confirm GBS diagnosis and provide an onset date and send supporting documentation. In a self-controlled case-series analysis of 101 cases with a record of human papilloma virus vaccination, there were episodes in the 0- to 91-day risk period after any dose with no significant increased risk, RI 1.04 (95% CI 0.47--2.28). The analysis was also stratified by manufacturer (of either the quadrivalent or bivalent product); there was no difference in the RI between products and no significant increased risk for either manufacturer.

Narcolepsy and Pandemrix™ {#Sec12}
-------------------------

The pandemic influenza vaccine, Pandemrix™, was the most widely used vaccine in Europe during the 2009 pandemic. It was a monovalent H1N1 pdm 09 vaccine containing AS03, a powerful oil-in-water adjuvant. Uptake of the vaccine varied between countries with high coverage of 75% in children in Finland \[[@CR38]\] and lower coverage in England where children in a risk group eligible for the seasonal influenza vaccine and later all children under 5 years of age were targeted, with uptake being 37% and 24%, respectively. In England, Pandemrix™ was also used in the influenza season 2010/11 because of a shortage of seasonal influenza vaccine.

In August 2010, concerns were raised in Finland and Sweden, where vaccine coverage was high, about a possible association between narcolepsy and Pandemrix^™^ when a large increase in cases of narcolepsy in vaccinated cases was reported by sleep centres \[[@CR38], [@CR39]\]. A subsequent cohort study in Finland reported a 13-fold increased risk of narcolepsy following Pandemrix™ in children aged 4--19 years, the majority of whom had onset within 3 months of vaccination and almost all within 6 months \[[@CR38], [@CR40]\].

Narcolepsy was a totally unexpected adverse event and the early reports were met with initial scepticism in the global vaccine community. The World Health Organization Global Advisory Committee in Vaccine Safety issued a statement in April 2011 stating "no excess of narcolepsy has been reported from several other European states where Pandemrix was used" and "It seems likely that some as yet unidentified additional factor was operating in Sweden and Finland". However, it was unlikely that narcolepsy would be identified by passive surveillance systems in other countries where Pandemrix™ coverage was low given the low background incidence of the condition and the complexity and frequent delays in diagnosis.

To assess this risk identified in Finland, the Health Protection Agency (now Public Health England) performed a study in sleep centres in England where the majority of children with sleep disorders are seen. This study identified a 14-fold increased risk in those vaccinated with Pandemrix™ \[[@CR14]\] with the attributable risk estimated to be 1.9 per 100,000 doses. This demonstrated that even in a country were vaccine coverage was low, the association can be demonstrated using robust epidemiological methods.

The study of the relationship between narcolepsy and Pandemrix™ has been an epidemiological challenge in terms of identifying the cases and their vaccine histories in a non-biased manner. Not only can the diagnosis be lengthy and complex, but admitted patient care databases, which are widely used for a non-biased ascertainment of cases in vaccine safety studies, are incomplete as patients experiencing narcolepsy may not be admitted and if they are admitted, the admission date is not an accurate reflection of the onset of the narcolepsy symptoms leading to misclassification bias. An important consideration when selecting cases is the awareness of the hypothesised association. This awareness may lead to an increased reporting of cases known to be vaccinated and has two aspects; public awareness and professional awareness. First, this heightened awareness may lead to vaccinated individuals presenting to healthcare institutions and being diagnosed earlier than unvaccinated cases leading to ascertainment bias. If a condition has an insidious onset making the recall of the first symptom difficult to determine, media attention may lead to a differential recall of the symptom-onset date in the vaccinated cases. Using source documents, which were created prior to any media attention in the country of study, can address this potential recall bias. Professional awareness is likely to occur even if media attention is low, as health professionals in the specialty will be aware of current topics of interest through professional bodies and literature. Differential misclassification bias will occur if cases known to have been vaccinated are more likely to be assigned a diagnosis of narcolepsy than unvaccinated cases. In the study from England, public awareness of the association was assessed by analysing Google searches for "narcolepsy" in the period of interest and found there was little activity in the UK compared to Sweden (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR14]\].Fig. 2Google searches for "narcolepsy" or "narkolepsi" from UK and Sweden for the period 01/04/2009 to 12/06/2017. Relative scaling is based on the average traffic

Even with these practical challenges, there has now been a consistent strong association demonstrated in countries that used Pandemrix™ but no association has been seen with other pandemic or seasonal vaccines \[[@CR17]\]. As with all vaccine safety studies, but particularly in the case of narcolepsy and Pandemrix™ where the association was completely unexpected, the key to demonstrating causality was consistency of results from well-designed studies in different settings.

Conclusions {#Sec13}
===========

The answer to the question of whether vaccination can cause neurological disease is multifaceted. The evidence does not support an association between MS and the hepatitis vaccine, while for GBS and influenza vaccines the evidence suggests a small increased risk though it is much smaller than the risk from a natural influenza virus infection. The now established association between narcolepsy and Pandemrix™ should act as a lesson for the vaccine safety community that sometimes unexpected but serious conditions can arise and need to be investigated rapidly however biologically implausible. The neurological vaccine safety issues outlined here demonstrate that rapid assessments of safety signals are needed to ensure that public confidence is maintained in national immunisation programmes. The confirmation of a signal and estimation of the magnitude of vaccine-attributable risk will require consistent results from a number of well-designed epidemiological studies, preferably conducted in different settings. As the experience with narcolepsy has shown, not all vaccine safety concerns can be anticipated on the basis of biologically plausible and thus predictable effects. As new vaccines are introduced, the basis of discussions on vaccine safety should be the acceptance that vaccination can carry a small risk but that this risk needs to be balanced against the enormous individual and public health benefits.
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